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Introduction
Cultivation of highbush blueberry is a dynamically developing horticultural branch primarily in the warm temperate, sub-tropical, and tropical areas of the world. Blueberries are commercially cultivated and fresh and processed fruits are commonly consumed in North America, Europe, Canada, Australia, New Zealand, China, and Chile (Vaughan and Geissler 1997; Strik 2005; Strik et al. 2014) . In general, the production of the fruit involves relatively low levels of fertilisation and chemical protection, hence, highbush blueberry plantations easily receive an ecological farming status, which additionally increases the values of the species (Kęsik and Wach 2010). Moreover, blueberries are referred to as functional food due to the high content of health-promoting substances e.g. flavonoids, tannins, and phenolic acids (Łata and Wińska-Krysiak 2010; Patel 2014; Souza de et al. 2014 ).
The major objectives of blueberry breeders have focused on horticulturally important traits, such as high productivity and plant vigour, improved disease resistance, uniformly large size, intense colour, flavour, longer fruit storage, and expanded harvest dates (Hancock et al. 2008 ). Consumers demand high quality fruit, which is dependent on cultivar characteristics as well as postharvest handling. The fruits of different blueberry cultivars and species differ in many qualitative traits, e.g. size, colour, abundance and structure of surface wax (Sapers et al. 1984a (Sapers et al. , 1984b Lohachoompol 2007) , presence of stone cells (Gough 1983; Blaker and Olmstead 2014) , content and composition of phenolic compounds (Castrejón et al. 2008; Kim et al. 2013) , particularly anthocyanins (Burdulis et al. 2009; Su 2012) , or the size of the picking scar (Pliszka 2002; Parra et al. 2007 ). Many of these traits have an impact on the firmness and shelf life of mature fruits (Hancock et al. 2008) , which is also largely dependent on characteristics related to the texture of i) the epidermis, i.e. the cell size and shape, arrangement, thickness of walls, and distribution and bleeding of the pigment; ii) the subepidermal area as a transition layer, i.e. the degree of cell-to-cell contact and amount of air D r a f t 4 spaces; and iii) the flesh, i.e. cell-to-cell contact, cell wall integrity, and presence of interfaces with parenchyma cells (Toivonen and Brummell 2008; Chiabrando et al. 2009; Matiacevich et al. 2013 ).
The false berries of the highbush blueberry represent the so-called "soft fruits" (Suzuki et al. 1997; Perkins-Veazie 2004) and they are characterised by a double-sigmoid growth pattern (Godoy et al. 2008; Jorquera-Fontena et al. 2014 ). Some quality traits related to the microstructure of V. corymbosum fruits have been previously presented by other researchers (Bünemann et al. 1957; Gough 1983; Sapers et al. 1984a; Alan-Wojtas et al. 2001; Lohachoompol 2007; Blaker and Olmstead 2014) . Their research was carried out only on mature fruits and was related to the location of pigments, structure of cuticle and epicuticular waxes, texture of skin and flesh, as well as presence of stone cells. In the available literature there is no information about the course of development of the qualitative traits associated with the microstructure in immature fruits. The sites of synthesis and modes of transport of tannins, wax, and cuticular components at the cellular level are unknown. At different stages of fruit development, the microstructure of fruits can provide important information about the changes that take place in the contribution of individual tissues forming the fruit and provide a better understanding of the physiological mechanisms and processes occurring in the developing fruit.
This study involves the 'Bluecrop' cultivar, one of the most valuable cultivars that is characterised by high fertility, attractive fruits, and high levels of antioxidants and recommended for commercial and amateur cultivation (Żurawicz 2003; Strik et al. 2014) . The aim of the study was to determine changes in the micromorphology, histology, and, for the first time, in the ultrastructure of the surface layers in 'Bluecrop' fruits occurring from the flowering time through initial growth until full harvest maturity. Particular attention was D r a f t 5 devoted to the development of some qualitative traits associated with fruit firmness, shelf life, and the content of phenolic compounds.
Material and Methods
The investigations were carried out in 2014 on a private plantation of the highbush blueberry (Vaccinium corymbosum L.) in Spiczyn near Lublin, Poland (22º 46'E and 51º 21'N), in an area characterised by a temperate continental climate. The plantation was established in the autumn of 2010. The bushes grew at 3.3 x 1m spacing on sawdust mulch under a drip irrigation system. The conventional cultivation method was used involving application of standard mineral fertilisers and chemical plant protection products and a substrate with pH ca. 4.0 (using 1n KCl). The fruits of the 'Bluecrop' cultivar were analysed in 3 developmental stages: stage I -anthesis stage (May 15, at day 4 after flower opening and corolla and stamens falling off), stage II -fruit set stage (June 20, 35 days after anthesis), and stage III -fruit harvest maturity stage (July 25, 70 days after anthesis). Withering flowers as well as fruits in stage II and III characterised by similar colour and size were collected from the central part of randomly chosen bushes. While picking, transporting, and preparing the berries for SEM, special care was taken so as not to touch the fruit surface that was intended for observation (to avoid rubbing off and degradation of the wax layer). A stereoscopic microscope (SLM) SMT 800 coupled with a NIKON COOLPIX 4500 camera was used for measurements of the width (at half height) and the height of 20 hypanthia, 20 immature fruits, and 20 mature fruits. Additionally, the location of stomata on their surface was determined and the size of the picking scar was measured in stage II and III. Next, for microscopic analysis, hypanthium and fruit fragments with skin were sampled from the equatorial part of the examined organs.
Scanning electron microscopy (SEM)
Conventional fixation of material used for SEM observations involves dehydration, which can alter or remove lipids that form the wax coating on the berry surface, and critical point drying, which can distort and shrink tissues (Roy et al. 1999) . Therefore, 5 whole hypanthia and 5 samples of the external part of the immature fruits and mature fruits (5mm x 5mm x 2 mm) were mounted carefully onto aluminium stubs with a double-sided carbon tape, immediately after the fruits had been collected from the plants. No drying was applied to the samples (Konarska 2013a (Konarska , 2013b . When coated with a 15-nm thick layer of gold, the samples were examined under a TESCAN/VEGA LMU scanning electron microscope at an accelerating voltage of 10 kV.
Light microscopy (LM)
Semi-thin 0.7-µm transverse sections (perpendicular to the fruit axis) through 10 hypanthia with skin and 10 immature fruits and mature fruits with skin (stages II and III) of the 'Bluecrop' were cut using a Reichert Ultracut-S ultramicrotome and a glass knife. Next, the sections were stained with 1% methylene blue and 1% azure II in a 1% aqueous solution of sodium tetraborate. The samples were fixed and embedded in synthetic resin with the standard transmission electron microscopy method (see the paragraph below). The measurements (5 from each slide) comprised the thickness of epicuticular waxes and the cuticle, the thickness of the outer epidermal cells, the height and width of the epidermal cells, the thickness of the hypodermis layer, the thickness of the hypodermal cell walls (measured at half width of the cells), the total skin thickness (epidermis plus hypodermis), the length of plastids in hypodermis cells, the thickness of stone cell walls, as well as the height (measured along the radial axis) and number of stone cells located in the surface layer (0-0.5 mm) of fruits in stage II and III. The sections were observed under a Nikon Eclipse 90i microscope and the images were obtained using a digital camera (Nikon Fi1) and NIS-Elements Br 2 software. Additionally, using a razor blade, hand-cut cross-sections were made through 5 D r a f t 7 'Bluecrop' fresh hypanthia with skin (stage I) and 5 fresh fruits with skin (stages II and III).
Next, the samples were stained with Sudan III (a saturated ethanolic solution of Sudan III) to visualize lipophilic substances, Lugol's iodine (IKI) to detect starch, as well as with potassium dichromate and ferric chloride to detect tannins and polyphenol compounds, respectively. The preparations were examined under a Nikon SE 102 light microscope.
Transmission electron microscopy (TEM)
Small samples (ca. 2 mm x 2 mm x 2 mm) of 5 hypanthia (stage I) and fruits in stages II and III were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde buffered at pH 7.4 in 0.1 M cacodylate buffer. Fixation was performed at room temperature for two hours, followed (Reynolds 1963) . Samples were observed using the FEI Technai G2 Spirit Bio TWIN transmission electron microscope at an accelerating voltage of 120 kV. Images were captured using a Megaview G2 Olympus Soft Imaging Solutions camera.
Statistical analyses
Means and standard deviations (± SD) were calculated for all the measured parameters using Excel 7.0 software (Microsoft, Redmond, Wash). Data were analysed by one-way analysis of variance (ANOVA) and Tukey's HSD test for comparison of means, using software STATISTICA 7.0 (StatSoft, Inc., USA). Differences were considered statistically significant at the level of α = 0.05.
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Results
Anthesis (stage I)
The hypantia in the 'Bluecrop' flowers had a height of ca. 1.6 mm and were wider by 60% (Fig. 1a, b) . The surface of the hypantia was formed by a single-layered epidermis composed of cells with a rectangular outline and comprising stomata, which were particularly numerous near and on the sepals but absent in the equatorial plane and in the pedicel zone of the hypanthium (Fig. 1c-e) . The epidermis surface exhibited crystalline wax in the form of rods and rodlets, which in some sites were relatively densely arranged, whereas in other sites the cuticle surface was smooth with no coating (Fig. 1e-h ). The thin-walled epidermal cells had a height which was significantly greater (by ca. 75%) than the width; they were covered by a thin layer of an amorphous cuticle and a layer of crystalline wax that was greater than half the thickness (42%) of the cuticle (Table 1; Figs 1i, j; 2a) . Under the epidermis, there were two layers of hypodermal cells that were more rectangular than oval and had thin periclinal walls. Underneath the hypodermal layers, there was parenchyma composed of different size oval cells with scattered vascular bundles (Table 1; Fig. 2a-c) . The parenchymal and hypodermal cells contained numerous plastids (Fig. 2b-c) . In many chloroplasts, tiny, almost black, oval structures, possibly deposits of tannins, were visible (Fig. 2b) . In turn, all layers of cells forming the hypanthium wall exhibited tannin deposits, which were stained brown with potassium dichromate. The deposits located in the vacuoles had oval shapes and varied sizes (Fig. 2a, b, d) . No stone cells and no starch grains were noted in the hypanthium cells at this stage of development.
Immature fruits (stage II)
35-day-old 'Bluecrop' immature fruit were ca. 4-fold wider and higher than in stage I, and the diameter of the picking scar did not exceed 2 mm (Table 1 ; Fig. 3a, b) . As in stage I, D r a f t 9 the stomata on the surface of the immature fruits were only found near the calyx region. The surface of the fruit sets was covered by wax coating formed by densely arranged rods and rodlets, whose layer was 2-fold thicker than in the anthesis stage (Table 1 ; Fig. 3c-f ). Between areas covered abundantly by wax crystals, only amorphous wax formed from numerous fused crystals was visible (Fig. 3d ). This variation of the epicuticular wax structure was also observed in SLM, which showed a specific mosaic of lighter (crystalline wax) and darker (crystalline wax) patches on the grey-green surface of the stage II fruits (Fig. 3b) . In TEM, small, electron-dense granularities were visible in the crystalline wax layer (Fig. 3f, g ). The cuticle visible under the wax layer exhibited clear orange staining when treated with Sudan III; it was over 2.5-fold thicker than during the anthesis stage (Table 1 ; Fig. 3e , f, h) and exhibited a distinct darker cuticular layer and a lighter cuticle proper which is the outer layer of cuticle composed primarily of cutin embedded in intracuticular waxes (Fig. 3f, h ).
Similarly, the epidermal outer cell walls were also ca. 2.5-fold thicker than in stage I; they usually contained oval, electron-dense structures (inclusions), which were especially numerous at the junction of the periclinal and anticlinal walls and at the border of the periclinal wall and the cuticle (Fig. 3e , f, h, i). The epidermis was formed of one layer of cells that were nearly square in outline and were higher (by 43%) and 1.5 fold wider than in the anthesis stage (Table 1; Figs 3e; . Under the epidermis, there was a usually doublelayered hypodermis, which was36% thicker than in stage I; it was composed of cells that were flattened along the perimeter and had 3-fold thicker periclinal walls than in the anthesis stage (Table 1 ; Fig. 4a, b) . In LM, the vacuoles of viable epidermal and hypodermal protoplasts contained oval, different sized deposits of condensed tannins staining brown with potassium dichromate (Fig. 4c) . Different shape and size stone cells were mainly observed in the peripheral parenchyma layers, but rarely in the pericarp hypodermis (Table 1 ; Fig. 4a ).
Unfixed sclereids exhibited dense cytoplasm and large vacuoles, and their secondary lignified D r a f t cell walls stained orange with Sudan III (not shown). In turn, hypodermis and parenchyma cells contained numerous plastids of similar size to that in the anthesis stage (Table 1 ; Fig. 4d-h ). Besides typical, lens-shaped chloroplasts containing thylakoids and osmiophilic globules (Fig. 4d ), there were oval plastids that either were characterised by distorted thylakoid arrangement or were devoid of thylakoids and contained numerous electron-transparent structures ( Fig. 4e-g ), as well as longer plastids (approx. 9 µm) surrounded by electrontransparent vesicles, probably liberated from the interior of the plastids (Fig. 4h) . No starch grains were observed in any of the types of plastids.
Mature fruits (stage III)
At day 70 after the anthesis, the diameter of the picking scar in mature 'Bluecrop' fruits was by over 30% greater, and the fruits reached were over 1.5-fold wider and 2-fold longer than those in the fruit set stage. They were also nearly 7-fold wider and 8-fold longer than in the anthesis stage (Table 1) . Moreover, epidermis cracking was visible around the picking scar (not shown). The surface of mature fruits was covered by abundant crystalline wax coating, which was 45% thicker than that in the fruit set stage but had a similar structure (Table 1 ; Fig. 5a , b). However, areas covered by a smooth, amorphous wax layer formed by merging crystals were observed more frequently than in stage II (Fig. 5a ). In turn, the cuticle was characterised by a reticulate structure visible in TEM and had varied thickness, which was on average 2-fold greater than in the stage II fruits (Table 1 ; Fig. 5c, d ). The epidermis was composed of cells with a more rounded shape than that in the immature fruits and was by ca. 25% wider and 25% thicker than those in the immature fruits; in contrast, the height of the outer cell wall was similar (Table 1 ; Fig. 5e, f) . The double-layered hypodermis with a slightly greater thickness than that in stage II was composed of cells that had similarly thickened periclinal walls but were more loosely associated (Table 1 ; Fig. 5e, f) . The epidermis and the hypodermis formed the skin, which was slightly thicker than that in stage II D r a f t and was detached from the fruit parenchyma in many sites (Fig. 5e ). In the epidermal cell vacuoles, anthocyanins were visible in the form of large, spherical globules in the living protoplasts (not shown) or granularities in the fixed cells (Fig. 5e, f) . Aluminium chloride gave brown staining to the phenolic compounds present in the epicarp of the mature 'Bluecrop' fruits. In turn, the cytoplasm of the epidermal cells contained small, often rounded chloroplasts that were ca. 25-33% shorter than in the earlier stages and had lost all organization and internal membrane structure (Fig. 6a-e) . In their interior, there were chaotically arranged tubules formed of membranes, rarely in the form of ordered lamellae and plastoglobules, or electron-dense granular inclusions of different sizes and shapes ( Fig. 6a-c) .
Some of these granular structures were concentrated outside the plastid envelope as if they had been detached ( Fig. 6d-f ). The number of sclereids present in the hypodermis and in the adjacent parenchyma layers was similar to that noted in the fruit set stage (Table 1) . With depth, the number of stone cells decreased. The size of the stone cells and the thickness of their cell walls were similar to those of the sclereids observed in stage II (Table 1) .
Discussion
Many traits related to the quality of 'Bluecrop' fruits, especially those responsible for their firmness and shelf life, were observed in the morphology, anatomy, and ultrastructure of the surface layers of these organs already at the end of the flower life span. Enlargement of the fruit was accompanied by an increase in the size and changes in the shape of cells, in particular a progressive increase in the thickness of the epicuticular wax layer and the cuticle and in the thickness of the epidermis and hypodermis walls, a process occurring between flowering to fruit ripening. Since these features are associated with the peripheral layers of the fruits, their most important role is to provide protection to the growing pericarp against adverse external bio-and abiotic factors as well as water loss and withering. Many qualitative D r a f t traits have a genetic background, but they also depend on environmental conditions and the degree of maturity at harvest (Connor et al. 2002; Jaakola et al. 2002; Matiacevich et al. 2013 ).
The presence of the abundant wax coating on the 'Bluecrop' fruits ensures the maintenance of fruit colour, which is preferred by consumers, and limits transpiration. During the ripening period, the amount of the coating increased and so did the fruit surface covered by amorphous wax formed by merging crystals. A similarly diverse wax structure depending on the fruit development stage was observed in different Vaccinium species by other authors, who described areas with deformed wax crystals, that were fused in mature fruits, forming annealed patches (Albrigo et al. 1980; Sapers et al. 1984b; Lohachoompol 2007 ). According to Wettstein-Knowles von (1995) , the type of wax is related to its composition, and wax metabolism is controlled by multiple genes.
The cuticle is another protective layer on the surface of 'Bluecrop' epidermis that has an impact on fruit transpiration. During fruit development, the thickness of the cuticle increased and its structure changed due to the inflow of electron-dense inclusions from the epidermis, which probably contained components of the cuticle and/or waxes. As reported by Peng and Zhang (2000) and Samuels et al. (2008) , the synthesis of cuticle components takes place in the endoplasmic reticulum and epidermis chloroplasts and these compounds then have to be transported across the plasmalemma and cell wall to their destination. Other authors also observed an increase in the thickness of the cuticle during fruit development in different Vaccinium species (Özgen et al. 2002; Lohachoompol 2007 ) and different cultivars of grapes, apples, and pears (Casado and Heredia 2001; Konarska 2013a Konarska , 2013b ; in contrast, reduction of cuticle thickness was reported in cherries and plums during fruit development (Knoche et al. 2004; Knoche i Peschel 2007) . The amorphous character of the cuticle in the initial stage of 'Bluecrop' fruit development implies involvement of only cutin D r a f t 13 and cutan in its structure, whereas the development of the reticulate cuticle in the stage II fruits and mature fruits indicates appearance of polysaccharide microfibres in its composition.
Such relationships between the composition and structure of the cuticle and its properties in different stages of fruit development are reported by Jeffree (2006). Martin and Juniper (1970) and Peschel et al. (2003) claim that the evaporation of water can take place through cuticle microchannels or micropores; similarly, water can also move from the environment to plant cells through these microchannels. Chamel et al. (1991) suggest that the role of the hydrophilic polysaccharides is binding of water. As reported by Kerstiens (1994) , the reticulate cuticle is the most permeable, whereas the lamellate structure of the cuticle proper Dong et al. 2012) , and among fruits of a single plant, or even spatially across the surface of a single fruit (Maguire et al. 1999; Léchaudel et al. 2013 ).
We found that the surface of the 'Bluecrop' fruits was devoid of deep microcracks and contained a small number of stomata that were located primarily near the fruit calyx; both these traits also limit fruit transpiration. According to many researchers, the presence of microcracks and open stomata are the main factors promoting water loss, e.g. in apples D r a f t 14 (Konarska 2013a; , grapes (Becker and Knoche 2012), nectarines (Gilbert et al. 2007 ), pears (Konarska 2013b ) and plums . Similar location of stomata on fruits as well as their low number or absence in other Vaccinium species was also observed by other authors (Özgen et al. 2002; Lohachoompol 2007) .
During the development of the 'Bluecrop' fruits, an increase in the diameter of the picking scar was noted; in mature fruits, after detachment of the fruit from the pedicel, cracks appeared around the picking scar, which may contribute to water loss and entry of pathogens into the interior of the fruit. Strik et al. (2014) suggest that for commercial conditions the picking scar is an important horticultural trait for weight loss and decay control. Consumers prefer large fruits with small scars (Galletta and Ballington 1996), whereas there is a tendency in a majority of cultivars to produce larger and heavier fruits with a bigger picking scar (Parra et a. 2007). As reported by Pliszka (2002) and Strik et al. (2014) , compared with other cultivars, the picking scar in 'Bluecrop' is relatively small and dry; however, the fruits of this variety fall off after ripening relatively easily due to rapid formation of the cork abscission layer.
The increase in the thickness of the epidermis and hypodermis cell walls observed during the 'Bluecrop' fruit development is another feature of the skin that has a positive impact on fruit firmness. In the skin of immature fruits, the thick-walled cells and close cellto-cell contact are conducive to the maintenance of fruit toughness. On the contrary, the skin cells in mature fruits were more rounded than in stage II fruits, which contributed to the loose packing of cells resulting in large intercellular spaces between groups of cells. A similarly negative effect on the firmness of mature 'Bluecrop' fruits was exerted by dissolution of middle lamellae between the skin and parenchyma causing detachment of the skin from deeper pericarp layers. Many authors believe that fruit firmness is associated with thickness of cell walls, the degree of cell-to-cell contact (packing or density of cells), amount of air spaces, (2013) showed that special chloroplast-derived organelles were involved in the polymerisation of tannins; initially, they accumulated tannin molecules in the form of tannosomes and then transported them into the vacuole in characteristic shuttles. Proanthocyanidin deposits in vacuoles were also observed by other authors in fruits of various taxa (Hammouda et al. 2014; Konarska 2014; Tessmer et al. 2014) . In turn, the presence of oval chloroplasts with a degenerating thylakoid system and numerous plastoglobules in mature 'Bluecrop' fruits is one of the indicators of fruit ripening and senescence. Such plastids were also found in ripening fruits of other species (Montefiori et al. 2009; Fu et al. 2012 ).
Like proanthocyanidins, anthocyanins occurring in the form of spherical globoids and providing ripe 'Bluecrop' fruits with the dark blue colour were located in the vacuoles of skin cells. According to many authors, different blueberry varieties differ in the content of anthocyanins (Müller et al. 2012; Scalzo de 2013) ; the synthesis of these flavonoids is initiated after fruit growth ceases and has the greatest rate during fruit ripening (Lohachoompol 2007; Forney et al. 2012) . As reported by Gao and Mazza (1994) Width of the epidermal cell (n=50) 9.58 ± 1.92a 24.11 ± 2.68b 30.10 ± 8.08c
Thickness of the hypodermis layer (n=50) 36.22 ± 2.79a 49.10 ± 6.14b 56.53 ± 11.36c
Thickness of the hypodermal cell wall (n=50) 1.50 ± 0.34a 4.34 ± 0.54b 4.45 ± 0.41b plastids with a degenerated system of internal membranes with electron-dense, different size, and irregular shape inclusions visible both inside and outside the plastid envelope. Scale bars = 5 µm (a), 2 µm (b-e), 300 nm (f). 136x122mm (300 x 300 DPI)
